The voltage-gated proton channel (Hv1) is homologous to the voltage-sensing domain (VSD) of voltage-gated potassium (Kv) channels but lacks a separate pore domain. The Hv1 monomer has dual functions: it gates the proton current and also serves as the proton conduction pathway. To gain insight into the structure and dynamics of the yet unresolved proton permeation pathway, we performed all-atom molecular dynamics simulations of two different Hv1 homology models in a lipid bilayer in excess water. The structure of the Kv1.2-Kv2.1 paddle-chimera VSD was used as template to generate both models, but they differ in the sequence alignment of the S4 segment. In both models, we observe a water wire that extends through the membrane, whereas the corresponding region is dry in simulations of the Kv1.2-Kv2.1 paddle-chimera. We find that the kinetic stability of the water wire is dependent upon the identity and location of the residues lining the permeation pathway, in particular, the S4 arginines. A measurement of water transport kinetics indicates that the water wire is a relatively static feature of the permeation pathway. Taken together, our results suggest that proton conduction in Hv1 may occur via Grotthuss hopping along a robust water wire, with exchange of water molecules between inner and outer ends of the permeation pathway minimized by specific water-protein interactions. This article is part of a Special Issue entitled: Membrane protein structure and function.
Introduction
The Hv1 channel [1, 2] is found in a wide range of tissues and has been shown to serve a variety of important physiological functions. In neutrophils Hv1 activity is required for optimal reactive oxygen species (ROS) production by the NADPH oxidase during the oxidative burst [3] [4] [5] . In B lymphocytes, the activation of the Hv1 channel enhances the Bcell antigen receptor (BCR) mediated intracellular signaling cascade that leads to B-cell proliferation and differentiation [6] . In basophils, Hv1 has been proposed to play an important role in the stimulation of histamine release [7] . In mature human spermatozoa, Hv1 acts as a flagellar regulator of intracellular pH, promoting sperm capacitation [8] . In the respiratory system, Hv1 is involved in the pH homeostasis of the airway surface liquid, by contributing to acid extrusion from the airway epithelium [9] .
In the plasma membrane, Hv1 is found as a homodimer that is stabilized by intracellular coiled-coil interactions in the C-terminus [10] .
Truncations in the C-terminus result in the formation of functional monomeric channels that have their own permeation pathway and voltage sensor [11, 12] . The Hv1 channel is made of four transmembrane helices (S1-S4), which are homologous to the voltage-sensing domain (VSD) of voltage-gated potassium (Kv) channels. Voltage sensitivity in the VSD is conferred by a series of highly conserved positions for charged residues. In particular, the S4 segment contains several triplet repeats composed of a basic side chain (mostly arginine) followed by two hydrophobic residues. In the case of Shaker, it has been shown that the first four arginines in S4 (termed R1 through R4) contribute most of the gating charge during activation [13] [14] [15] . Hv1 exhibits three of these repeats, and mutations of the S4 arginines have been shown to alter its activation kinetics [1, 2] . In addition, voltage-clamp fluorometry and state-dependent accessibility measurements in Hv1 channels report motion of S4 during activation [16, 17] , as previously observed in Kv channels [18] [19] [20] [21] . A helical hairpin made of portions of the S3 and S4 helices, called the paddle motif, can be transplanted from a variety of proteins, including Hv1, into a Kv channel without loss of function [22] . These findings establish a structural connection between Hv1 and nonconducting VSDs. However, the molecular mechanisms behind the specific functional features of Hv1, namely, proton permeation and selectivity, and regulation by pH, remain unknown. In addition, functional predictions at the molecular level are hindered by the lack of a high-resolution structure.
The ability to conduct ions through the VSD is not a unique feature of the Hv1 channel, since mutated VSDs of Kv channels [23] [24] [25] [26] [27] and voltage-gated sodium (Nav) channels [28] [29] [30] can also support ion permeation. The current view of cation permeation through these VSDs is that specific mutations of side chains lining the VSD interior remove an occlusion between the hydrated intracellular and extracellular crevices of the VSD structure [31] , allowing ion flux. Most conducting Kv and Nav VSD variants involve the mutation of at least one of the basic side chains in S4 [23] [24] [25] [26] 28] , but proton conduction has also been reported in mutants of residues in S1 and S2 [27] .
Only one Kv VSD mutant, Shaker R371H, has been reported to generate proton currents under a depolarizing potential, as in Hv1 [23] . R371 in Shaker corresponds to the fourth S4 arginine, which suggests a possible alignment of R1 through R3 in Hv1 to R1 through R3 in Shaker, leaving N214 in Hv1 at the R4 position in Kv channels. The N214R mutation has been reported to abolish the outward proton current in the human Hv1 [11, 32] , while the similar mutation in the mouse channel (N210R) yields very low density currents and slow activation kinetics [33] . In addition, Hv1 proton currents have been shown to be reversibly blocked by intracellular guanidinium ions, while trimethylaminoethylmethanethiosulfonate (MTSET) has been shown to block the current carried by the N214C mutant of the human Hv1 [11] or by the equivalent mutant of the Ciona intestinalis ortholog [16] . These results suggest that permeation through Hv1 may occur in a similar manner as in conducting VSD mutants of Kv and Nav channels.
An alternative view of the structural relationship between Kv VSDs and Hv1 could be derived from considerations of sequence conservation. Although most Kv channel families exhibit the same R1 through R4 charge distribution in the sequence of the S4 segment as in Shaker, conservation of the R1 position for a basic side chain is somewhat lower than for R2-R4 [34] . Thus, while functional data in Hv1 and Shaker suggest an alignment of the three S4 arginines in Hv1 to R1-R3 in Kv channels, multiple sequence alignment of Hv channels to the VSDs in the superfamily of voltage-gated ion channels could lead to an alignment of the three S4 arginines in Hv1 to positions R2-R4 in Kv channels [1] .
Here, we use atomistic molecular dynamics (MD) simulations of two different homology models of Hv1 in a lipid bilayer in excess water to probe the structural and dynamical features of a putative proton permeation pathway. Both homology models were generated using the Kv1.2-Kv2.1 paddle-chimera structure [35] as a template, but they were aligned differently in the region of the S4 segment, as described above. The simulations reveal a water wire connecting the intracellular and extracellular sides, suggesting proton conduction via a Grotthuss hopping mechanism. The kinetic stability of the water wire is dependent upon the interactions with a set of highly conserved side chains lining the permeation pathway. We find that persistent interactions with two of the S4 arginines, as part of a larger cluster of polar residues, as well as the formation of a well defined hydrophobic gap in the center of the protein are key to the formation of a robust water wire. In addition, a measurement of water transport kinetics indicates that the present model of Hv1 cannot be characterized as a water channel.
Methods

Molecular dynamics simulations
Using the crystal structure the Kv1.2-Kv2.1 paddle-chimera VSD [38] as a template, we constructed two different atomistic models for Hv1. In the first model, R1-Hv1, the three arginines in the S4 segment of Hv1 were aligned to positions R1 through R3 in the S4 segment of the paddle chimera (see Fig. 1 ). In the R2-Hv1 model, the Hv1 arginines were shifted three residues over to align with positions R2, R3 and R4 of the paddle chimera. These two sequence alignments (see Fig. 1A ) were then used as input for MODELLER 9.8 [39] to build the initial three-dimensional configurations (shown in Figs. 1C and D) .
Each of the resulting configurations was embedded in a POPC bilayer in excess water. Each system included one Hv1 monomer (residues 91 to 223), 282 lipids, 10,652 water molecules, and sufficient Cl − counterions to make the system charge neutral, for a total of 72,055 atoms. The initial bilayer configuration for each system was such that the water wires that are reported in this work were not present. We also performed a simulation of an N214R Hv1 mutant based on the R1-Hv1 configuration in an otherwise identical system. The initial configuration for the N214R simulation was taken from a snapshot of R1-Hv1 after 130 ns of simulation. Finally, we performed a simulation of the Kv1.2-Kv2.1 paddle-chimera VSD (residues 145 to 320) under similar conditions (282 lipids, 13,993 water molecules, 82,610 total atoms). The initial configuration of that simulation was taken from an equilibrated snapshot of the full Kv1.2-Kv2.1 paddle-chimera tetramer, such that the S4 arginines were already hydrated. To initialize each of the simulations, we first ran 2000 steps of conjugate-gradient energy minimization followed by 100 ps of simulation with the protein backbone atoms fixed at constant temperature (300 K) and volume. We then switched to constant pressure (1 atm) and gradually released the backbone in 100-ps steps, using 50, 20, 10, 5, 2, and 1 kcal mol − 1 Å − 2 restraints. The total unrestrained simulation lengths were roughly 200 ns for the R1-and R2-Hv1 simulations, 135 ns for the N214R R1-Hv1 simulation, and 275 ns for the Kv paddle chimera VSD simulation.
All simulations were performed with the NAMD 2.7b2 software package [40] . The CHARMM22 and CHARMM32 force fields [41, 42] were used for protein and lipids, respectively, and the TIP3P model was used for water [43] . The smooth particle mesh Ewald method [44, 45] was used to calculate electrostatic interactions. Short-range real-space interactions were cut off at 11 Å, employing a switching function. A reversible multiple time-step algorithm [46] was employed to integrate the equations of motion with a time step of 4 fs for electrostatic forces, 2 fs for short-range non-bonded forces, and 1 fs for bonded forces. All bond lengths involving hydrogen atoms were held fixed using the SHAKE [47] and SETTLE [48] algorithms. A Langevin dynamics scheme was used for temperature control and a Nosé-Hoover-Langevin piston was used for pressure control [49, 50] . Molecular graphics and trajectory analyses were performed using VMD 1.8.7 [51] over the last 120 ns of each trajectory.
Water dynamics analyses
We define a transmembrane water wire as any configuration of H-bonded waters in the channel connecting the extracellular side to the intracellular side. An H bond was defined using conventional geometric criteria (donor-acceptor distanceb 3.5 Å and donor-hydrogen-acceptor angle N 140 Å). Water wire formation along each simulation trajectory was modeled as a binary process, wire/no-wire, irrespective of the actual number of H-bonded configurations or the identity of the water molecules. The reported correlation times correspond to singleexponential fits to the binary process autocorrelation function and to the water wire survival function. The latter is defined as the time correlation function computed only over the configurations showing a wire
where H(t) = 1 if there is a water wire at time t = 0 and at time t, and H(t) = 0 otherwise. The residence time for water molecules in the solvation shell of a given amino acid residue lining the pore of the R1-Hv1 channel were calculated as the time corresponding to the 1/e value of the water survival function in the solvation shell defined as
where h(t) = 1 if a given water molecule present in the residue coordination shell at t=0 is also present at time t, and the average is over all waters. The osmotic permeability coefficient for waters in the R1-Hv1 pathway was calculated using the method of Zhu et al. [52] . A collective coordinate for waters in the interior of the channel was calculated as the integral of
where the z i is the position of the i th water along the transmembrane direction over two consecutive configurations and L(t) is the instantaneous length of the stretch between D174 on the intracellular side and R208 on the extracellular side. The osmotic permeability coefficient (p f ) is given by
where v w is the molecular volume of water and D n is given by 〈n 2 t ð Þ〉 = 2D n t
Results
We performed two 200 ns all-atom MD simulations of two different structural models of the transmembrane region of Hv1 from Homo sapiens embedded in a POPC lipid bilayer in excess water. Both models where generated using the crystal structure of the Kv1.2-Kv2.1 paddle-chimera VSD as a template [38] . In the first model (hereafter termed R1-Hv1), the three arginines in the S4 segment of Hv1 were aligned to positions of the first three arginines (R1, R2, R3) in the S4 segment of the Kv1.2 VSD. In the second model (hereafter termed R2-Hv1), the Hv1 S4 arginines were shifted three residues over to align with R2, R3 and R4 of the Kv1.2 VSD. The remaining three transmembrane segments (S1 through S3) were aligned by matching all the highly conserved positions that have been implicated in Kv VSD function to the Hv1 sequence (see Fig. 1 ).
Kinetic stability of water wires through Hv1
Both R1-Hv1 and R2-Hv1 develop an open pathway through the center of the channel that is readily occupied by water molecules (see Fig. 2 ). To characterize the kinetics of water wire formation along the permeation pathway, we consider the occurrence of an H-bonded water chain connecting the water-filled extracellular and intracellular crevices in the VSD structure, along the simulation trajectory, as a binary process (i.e., irrespective of identity of the water molecules involved). Blockaveraged versions of the corresponding time series are shown in Fig. 2 , and the corresponding correlation times for the binary process, as well as those of the water wire survival function (see Methods for details), are shown in Table 1 . This time series analysis reveals that only R1-Hv1 is able to maintain a robust H-bonded water wire throughout the membrane. The differences in kinetic stability between R1-Hv1 and R2-Hv1 can be traced back to the configurations assumed by the water molecules occupying the permeation pathway (see Fig. 2) . To verify that the water H bond connectivity through the VSD is a unique feature of the Hv1 channel sequence and not an artifact of the homology modeling, we performed a simulation of the R1-Hv1 N214R mutant from an end configuration of the R1-Hv1 trajectory. Consistent with the available experimental evidence [11, 32, 33] , we find that formation of a water wire in N214R, after a period of initial equilibration, is sporadic in the time scale of the simulation trajectory (Fig. 2C) . In addition, the configuration of the water molecules in the interior of the VSD resembles that of nonconducting VSDs [53] [54] [55] [56] [57] (Fig. 2C) .
Water distribution and protein-water interactions along the permeation pathway
The water distribution along the transmembrane direction for the paddle-chimera VSD embedded in a lipid bilayer shows limited water penetration into the protein extracellular and intracellular crevices, and supports a robust water wire through a persistent cluster of water molecules located at the center of the permeation pathway. In the R2-Hv1 model (B), the frequency of water wire formation often goes to zero along the trajectory. The water wire typically breaks at the end of the intracellular crevice. TheR1-Hv1 N214R variant (C) exhibits very little connectivity along the simulation trajectory, after a period of equilibration from the native configuration (first~30 ns). The VSD internal waters assume a configuration similar to those observed in simulations of Kv VSDs [53] [54] [55] [56] [57] . Water molecules are colored by atom (red, oxygen; white, hydrogen). In the central panel, water molecules inside the VSD are shown in ball-andstick representation, and those outside the VSD are shown as filled-spheres. a dip to zero in the center of the membrane at the location of a network of internal salt-bridges between highly conserved acidic and basic side chains that is a hallmark of the VSD structure in nonconducting voltagegated channels (Fig. 3) [15, 38, [58] [59] [60] . In contrast the presence of a permeation pathway in the Hv1 models is immediately evident in their water number density profiles (Fig. 3 ). Both models of Hv1 show a nonzero water density profile throughout the membrane, but they also reveal unique features around the protein core that, as suggested before, are presumably related to the differences in water wire kinetic stability between the models. R1-Hv1 exhibits a constriction region that starts roughly at the protein center; it is bounded by F150 on the intracellular side, and extends about 5 Å along the transmembrane direction toward the extracellular side (Figs. 3 and 4) . The constriction is formed by a cluster of hydrophobic side chains (V116, I146 and L147), at the center of protein close to the intracellular side, and by R211 (R3 in S4), which occupies the extracellular side of the constriction (Fig. 4) . This particular distribution of side chains may account for the kinetic stability of the water wire in R1-Hv1. The cluster of hydrophobic side chains, together with F150 on the intracellular crevice, reduces the water H-bond connectivity to one or two single files, thereby limiting the water exchange between the intracellular and extracellular crevices. On the other side of the constriction, R211 forms part of a dynamic H-bonded network of polar side chains that occupies the extracellular crevice. This polar network features a salt-bridge chain between R211, E119, R208, and D123 that is coordinated by S181 and S143. Hydration of the network results in water molecules with residence times in the time scale of 100-1000 ps (see Fig. 4 ).
In R2-Hv1, the region of low water density along the transmembrane direction is not a single constriction as in R1-Hv1, but a non-uniform stretch of about 10 Å that extends from the protein intracellular crevice to the extracellular crevice (Figs. 3 and 5) . The region of lowest density is located on the intracellular crevice and corresponds to a localized Basic residues are colored blue, acidic residues are in red, and polar residues are colored green. V116, I146, L147, and F150 are shown in purple, orange, yellow and dark grey, respectively. Water-water (light blue dashed lines) and protein-protein (black dashed lines) hydrogen bonds are shown; hydrogen bonds between waters and charged residues are omitted for clarity. (C) Residence times of water for selected residues along the water wire. The constriction region in the R1-Hv1 permeation pathway is formed by a cluster of hydrophobic residues (V116, I146 and L147) located, roughly, at the center of the protein, and by R211 in the extracellular cavity. F150 is the closest side chain to the constriction on the intracellular side. N214 is located approximately at the same position as F150 along the transmembrane direction but is away from the constriction. H-bonded networks of waters and polar side chains including S181, S143, and salt-bridge chains between R211, E119, R208 and D123 occupy the extracellular cavity. The elevated water residence times in the H-bonded network, especially around R208, E119, and R211, suggest that those residues have a role in stabilizing the water wire.
constriction formed by the R211-D112 salt-bridge and by F150. The three side chains are roughly at the same position along the transmembrane direction and reduce the H-bond water connectivity to a single file. This crowded arrangement frequently breaks the water wire. R211 is only partially solvated by waters since it also forms a salt-bridge with D174, which is away from the constriction. In contrast to R1-Hv1, there is no evidence of a central hydrophobic cluster or an extracellular polar cluster in R2-Hv1. The V116, I146 and L147 side chains are spread along the pathway constriction. Similar to R211 on the intracellular side, R208 occupies the water density minimum on the extracellular side where interacts with E119. However, a salt-bridge chain involving R211 and R208 with D112 and D174 is broken for most of the trajectory, with R208 separated from D112 by one or two waters. This arrangement may not be conducive to the longer water residence times in the extracellular crevice observed in R1-Hv1.
Water transport through R1-Hv1
We have shown that R1-Hv1 exhibits persistent H-bonded water connectivity between the intracellular and extracellular sides. The stability of these water wires can be accounted for by their interaction with the protein side chains lining the permeation pathway. However, it is plausible that long-lived water wires through the channel can occur concurrently with water permeation, so we calculated the osmotic permeability coefficient through the R1-Hv1 channel using the method of Zhu et al. [52] . We obtained a value of 3.4 × 10 − 28 cm 3 /s (effectively zero), while the values reported in the literature for simulations of aquaporin channels are between 10 − 13 and 10 − 15 cm 3 /s [61] [62] [63] [64] . Thus, despite having a fully permeated interior, the R1-Hv1 model cannot be considered a water channel. A relatively static wire is in good agreement with Hv1's high proton selectivity, because a fairly immobile single file wire would hinder water flux and disfavor permeation of heavy ions.
Discussion
We have modeled the open state of the Hv1 channel using the crystallographic structure of the Kv1.2-Kv2.1 paddle-chimera VSD as a template, relying on the assumption that the crystal structure of its "upstate" conformation is a good approximation for a VSD under depolarizing potentials. Despite the low sequence similarity between Hv1 and the VSD of the Kv1.2-Kv2.1 paddle-chimera, helices S1 through S3 could be aligned based on the positions of conserved residues known to play important roles in Kv VSD function (e.g., D183 in S1, F233 in S2 and D259 in S3). Even though S4 is the most conserved helix of the VSD, the alignment of different VSDs in the S4 region is not straightforward due to the periodicity of the arginine triplet repeats. Here we probed the two most likely alignments, one in which the first three arginine positions (R1-R3) of the Hv1 S4 correspond to the first three arginine positions of the Kv S4 (R1-Hv1 model), and one in which the R1-R3 positions of the Hv1 S4 correspond to the second, third and forth arginine positions (R2-R4) of the Kv S4 (R2-Hv1 model). Our results show R1-Hv1 maintains a robust water wire, suggesting it may be able to support the Grotthuss hopping mechanism. We note that the presence of a water wire is not sufficient in itself to conclude that proton conduction will occur along that pathway; the question of proton transfer, which must be addressed through the calculation of the charge transfer free energy profile (see, e.g., [35] [36] [37] ) is beyond the scope of the present work.
State-dependent internal salt-bridge networks between the basic residues in S4 and highly conserved positions for acidic residues in S1-S3 are a hallmark of the VSD structure, and have shown to be key Fig. 4 . R2-Hv1 exhibits an extended region of low water density between R211 on the intracellular side and R208 on the extracellular side, and there is not a central cluster of hydrophobic residues as in R1-Hv1. The typical breaking point of the water wire is located at the most constricted site along the permeation pathway formed by the R211-D112 salt-bridge and F150. R208 forms a persistent salt-bridge with E119 and, for most of the trajectory, is separated from the double salt-bridge formed between D174, R211 and D112 by one or two waters.
in folding, stability and function [15, [58] [59] [60] . Hv1 not only lacks one of the R1-R4 arginines in S4, but the number and distribution of conserved positions for acidic side chains in S1-S3 differ from the ones in nonconducting VSDs. The most constricted region in the upstate conformation of the Kv1.2-Kv2.1 paddle-chimera VSD is formed by R4 (R299), and three S2 side chains (E226, I230, and F233). These hydrophobic side chains, which are also highly conserved, have been shown to play a crucial role in the molecular mechanism of voltagedependent activation in Kv VSDs [27, 65] . Our R1-Hv1 model preserves the hydrophobic component of this arrangement, while the two small polar side chains replacing the salt-bridge (N214 and S143, respectively) are away from the center of the channel, thereby eliminating the steric hindrance imposed by the salt-bridge pair. Despite the loss of the innermost pair, the extracellular salt-bridge network in Hv1, involving R2 and R3, remains in place due to an additional conserved acidic position in S1 (E119).
In contrast, in the R2-Hv1 model, the most constricted region of the channel is formed by F150 and the R3-D112 salt-bridge pair, which leads to a partially open pathway. In addition, the extracellular salt-bridge network is broken. Similarly, the introduction of an arginine side chain at the same location of F150 along the transmembrane direction, leads to a mostly closed pathway in the R1-Hv1 N214R variant.
Previously, Ramsey et al. reported homology models of the Hv1 channel using the Kv1.2-Kv2.1 paddle-chimera structure as a template and a similar alignment to our R2-Hv1 model [32] . Consistent with our results, their models show a fully hydrated pathway connecting the intracellular and extracellular sides in 20-ns long atomistic simulations. In the first 20 ns of our equilibrated trajectories, the VSDs of the R1-Hv1 and R2-Hv1 models displayed significant differences in core hydration compared to the VSD of the Kv1.2-Kv2.1 paddle-chimera. But, only with longer simulations it became apparent that the R1-Hv1 model could support a water wire more effectively than the R2-Hv1 model. This is consistent with the idea that in order to compare the overall stability of two water wires, the trajectories need to be long enough to capture a significant number of breaks in at least one wire.
The experimental evidence available to date on the biophysics of Hv channels [1, 2, 11, 16, 17, 32, 33] seems to align with the classical view that proton conduction through membranes occurs over Hbonded water chains [66, 67] . Furthermore, despite the abundance of titratable side chains lining the putative permeation pathway, no single residue has been identified that could account for proton selectivity [32, 33] . The existence of a fully hydrated permeation pathway in Hv1 could be extrapolated from the available structural data on Kv channel VSDs, both crystallographic [38] and in membrane environments [53, 68] . Our molecular models for Hv1 in lipid membrane provide two additional insights. First, the formation of a robust water wire connecting both sides of the membrane is dependent on the same structural features that are associated with the VSD gating function. This is consistent with the notion that both gating and permeation occur through the same structural pathway. Second, the water wire through Hv1 is not accompanied by water transport. Since the energetic cost of dehydrating an ion is prohibitively large [69] , the lack of water transport implies that there is also no heavy ion transport, suggesting that proton selectivity in Hv1 may also be a consequence of the VSD architecture.
